Honeybees are social insects, and individual bees take on different social roles as they mature, performing a multitude of tasks that involve multi-modal sensory integration. Several activities vital for foraging, like flight and waggle dance communication, involve sensing air vibrations using antennae.
Introduction

1
As they mature, adult honeybees engage in four primary social roles -cleaners, nursers, food 27 storers and foragers-and perform different tasks in different roles (Seeley 1996) . Several studies 28 have investigated the neural basis of such behavioral versatility by studying structural changes in the 29 honeybee brain with age and social role, mainly focusing on the mushroom body (Meinertzhagen 2010 of single mushroom body neurons (Farris et al. 2001 ). In addition, electrophysiological properties of 37 honeybee neurons also mature with age and experience in the antennal lobe (Wang et al. 2005 ) and 38 in the mushroom body (Kiya et al. 2007 ). Adaptations in neural processing could be especially crucial 39 during the transition to foraging, since, in comparison to in-hive activities, foraging entails several new 40 and complex behaviors such as attending to waggle dancers, sensing the waggle dance vibration signals 41 and decoding target location, using such information on foraging trips, and advertising newly found 42 locations to hivemates through the waggle dance. It is unclear, however, to what extent neurons 43 in central circuits processing waggle dance vibration signals show such adaptation. We therefore 44 investigated morphological and electrophysiological changes of neurons in the primary auditory center 45 of the honeybee, focusing on DL-Int-1 neurons. To identify maturation-related adaptations in Int-1, we analyzed and compared reconstructed morphologies and electrophysiological properties of 47 neurons from newly emerged adult bees and foragers bees. 
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Materials and Methods
49
Honeybees
50
Honeybees (Apis mellifera) reared at Fukuoka University between 2012 and 2014 were used in this 51 study. Experiments were conducted on more than 300 bees for investigating neurons in the primary 52 auditory center of the honeybee brain. Collected data included electrophysiological recordings and 53 laser scanning microscopy images, which were stored in a database and classified into multiple neuron 54 groups based on electrophysiological and morphological characteristics (see Table 1 , Ai et al. 2017) . 55 In the current study, we used DL-Int-1 data from the database belonging to honeybees of two stages 56 of maturation:
57
• Newly emerged adults (age 1-3 days): female honeybees shortly after emerging from their cell 58 in the hive. Before the experiments, these bees were kept in isolated cages containing sugar 59 solution and pollen.
60
• Foragers (older than 10 days): female honeybees returning from foraging with pollen on their 61 hindlegs.
62
Experimental Procedure
63
The experimental procedure for generating LSM image stacks and electrophysiological response traces 64 from honeybee vibration-sensitive interneurons has been presented in detail in Ai et al. (2017) and 65 we describe it here briefly. After immobilization and head fixing using bee's wax, the frontal sur-66 face of the honeybee brain was exposed by cutting away a small rectangular window between the 67 compound eyes. Borosilicate glass electrodes filled at the tip with a dye were inserted into the DL 68 to record from individual neurons. Three dyes were used -Lucifer Yellow CH dilithium salt (cata-69 log number L0259, Sigma-Aldrich), Dextran Tetramethylrhodamine solution (3000 molecular weight, 70 anionic, lysine fixable; catalog number D3308, Thermo Fisher Scientific) and Alexa Fluor 647 hy-71 drazide (catalog number A20502, Thermo Fisher Scientific). With the electrode stably inserted into 72 an vibration-sensitive interneuron, sinusoidal vibration stimuli at 265 Hz with 1 s duration were applied 73 to the right antenna and responses were recorded intracellularly. Electrical signals were amplified 74 using an amplifier (MEZ8301, Nihon Kohden) and recorded using Spike2 (Cambridge Electronic De-75 sign; RRID: SCR_000903). After recording electrical activity, a hyperpolarizing current (2-5 nA for 76 2-10 min) was applied to inject the dye into the neuron. Thereafter, the brains were dissected out, 77 fixed in 4% paraformaldehyde for 4 h at room temperature, then rinsed in phosphate buffer solution, 78 dehydrated, and cleared in methyl salicylate for subsequent observation and imaging.
79
The cleared specimens containing intracellularly stained neurons were viewed from the posterior 80 side of the brain under a confocal laser-scanning microscope (LSM 510, Carl Zeiss) with a Zeiss 81
Plan-Apochromat 25x/numerical aperture 0.8 oil lens objective (working distance, 0.57 mm). Image 82 stacks of the DL-dSEG and medPPL were taken at a resolution of 0.36 µm on the imaging plane 83 using 1.0 µm deep optical sections and stitched together digitally to obtain image stacks of complete 84 neurons.
85
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Morphological Subregions of DL-Int-1
86
To refer to specific subregions of the DL-Int-1 morphology, we adopt the following definitions (Fig-87 ure 1c, see also Ai et al. (2017) ):
88
• soma and primary neurite (SPN): consists of the soma and its primary neurite until bifurcation 89
• main branch (MB): consists of two daughter branches of the primary neurite until they bifurcate. 90
• dorsal branch (DB): consists of the remaining dendritic arborization originating from the dorsal 91 end of MB.
92
• ventral branch (VB): consists of the remaining dendritic arborization originating from the ventral 93 end of MB.
94
• whole arborization (WA): consists of MB, DB and VB.
95
Reconstruction of morphologies
96
The reconstruction procedure has been described in detail in Ikeno et al. (2018) . Briefly, LSM image 97 stacks with single dye-filled neurons were deconvolved to reduce image blurring and noise. Regions 98 of each image stack containing the dendritic subtrees emerging from the dorsal and ventral daughter 99 branches of SPN ( Figure 6E of Ikeno et al. 2018) were identified based on continuity of branching 100 structure and dendritic thickness and were converted into custom image masks. Applying these masks, 101 two image stacks were created that separately contained the the identified dorsal and ventral subtrees 102 of SPN. Morphologies of these subtrees were reconstructed from their image stacks by segmentation, 103 pruning and smoothing using the SIGEN software (Minemoto et al. 2009 , RRID: SCR_016284). The 104 morphology of SPN was reconstructed separately and combined with the reconstructed dendrites of 105 the dorsal and ventral subtrees to obtain the reconstruction of a complete DL-Int-1 neuron.
106
After reconstruction, the data of each DL-Int-1 morphology were manually separated into SPN 107 and WA and stored in separate SWC files (Cannon et al. 1998 ). SPN was not further analyzed. The 108 data of WA were manually separated into MB, DB and VB based on the first branching points on 109 the two daughter branches of the primary neurite and stored in separate SWC files for morphometric 110 analyses.
111
Analysis of morphology
112
Scalar Measures
113
Morphologies of DL-Int-1 neurons from newly emerged adult and forager honeybees were compared 114 using nineteen widely used metric and topological measures (Uylings and 
122
Spatial Registration
123
Preliminary visual comparisons indicated that DL-Int-1 morphologies had differences in translation, 124 rotation and scaling that could have resulted from structural differences between honeybee brains. 125 Therefore, we co-registered all DL-Int-1 morphologies to a common frame of reference using the MaxS-N software , software version at doi:10.12751/g-node.feee47, 127 RRID: SCR_016257) by removing translation, rotation and scale differences at spatial scales of 160, 128 80, 40 and 20 µm. Morphologies from newly emerged adult and forager bees were co-registered in 129 two steps. First, newly emerged adult and forager morphologies were co-registered separately using 130
Reg-MaxS-N ). Then, the two resulting groups of morphologies were 131 brought to the same frame of reference by co-registering the unions of the points of all morphologies 132 in a group using Reg-MaxS ).
133
To control for parameter choice during spatial registration, the procedure above was repeated 134 using multiple parameter sets. Newly emerged adult and forager morphologies were each co-registered 135 separately using three initial references to generate three sets of registered morphologies each. Picking 136 one set each for the two maturation levels in all possible ways, nine sets of all twelve morphologies 137 were created, which were in turn registered together. All other parameters remained the same for the 138 nine sets (see Table S5 of Supplementary Data for all parameters).
139
Comparison using spherical shells 140 The radial distribution of dendritic length was compared between the two maturation levels by dividing 141 the space containing the morphologies into spherical shells of thickness 20 µm, similar to Sholl Analysis 142 (Sholl 1953 which is a basic measure of dendritic arborization, to investigate changes during maturation. For every 146 shell, we calculated the percentage of dendritic length (PDL) of a morphology contained in the shell. 147
Using two-way ANOVA (Fujikoshi 1993;  McDonald 2014), we tested whether, in each shell, PDL 148
(1) was significantly different between newly emerged adults and foragers, (2) was not significantly 149 affected by registration parameters and (3) showed no significant dependence between the effects 150 caused by maturation and registration parameters.
151
The above tests used a cut-off level of significance of 5% after Bonferroni correction (Bland and 152 Altman 1995; McDonald 2014). This analysis was not applied to MB morphologies since most of 153 them had no branching points and comprised of single stretches of dendrites spanning less than 50 µm. 154
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Comparison using 3D voxels 155 The morphologies were compared at an even finer spatial scale, considering 3D voxels of size 20 µm.
We calculated the sum of the dendritic length contained in each voxel, which we refer to as local dendritic length (LDL). Note that, since all the voxels used had the same volume, changes in LDL are proportional to changes in average dendritic density per voxel. The same criteria as in the previous analysis were used for identifying the voxels for which LDL changed significantly during maturation, independent of registration parameters. To quantify and visualize the changes in dendritic density, we calculated for each voxel the normalized change in LDL (∆LDL norm ):
where, for a given voxel, LDL f mean is the average LDL for forager morphologies across registration 156 parameters and honeybee samples, LDL n mean is the average LDL for newly emerged adult morphologies 157 across registration parameters and honeybee samples; and LDL mean is the average LDL across all 158 maturation levels, registration parameters and honeybee samples.
159
Analysis of morphologies using concentric spherical shells and 3D voxels was done using custom 160 Python (RRID: SCR_008394) scripts.
161
Analysis of electrophysiology
162
The physiological response of DL-Int-1 to continuous vibration stimuli applied to the antenna consisted 163 of on-phasic excitation followed by a tonic inhibition and offset rebound (Ai et al. 2009 ). We to stimulus onset and time-resolved estimates of average firing rates were generated using adaptive 173 kernel density estimation (Shimazaki and Shinomoto 2010, Implementation: https://github.com/ 174 cooperlab/AdaptiveKDE). The distribution of spike train features such as spike rates and spike 175 times were visualized using the "violinplot" function of the Python package seaborn (Waskom et al. 176 2018). This function uses kernel density estimation to estimate continuous distributions using Gaussian 177 Kernels and Scott's formula for bandwidth calculation (Härdle et al. 2004, p73 ). Welch's unequal 178 variance t-test was used for testing the significance of differences in response features.
179
We quantified the strength of inhibition relative to spontaneous activity using Relative Inhibition, 180 which was defined as: The analysis was carried out on a desktop computer with an 8-core Intel i7 Processor, 16GB of 183 RAM running Ubuntu 1604. The data used for this study are available online at https://web.gin. 184 g-node.org/The_Ginjang_Project/DL-Int-1_ageBasedChanges_data. The code/software 185 used in this study is available online at https://github.com/wachtlerlab/GJEphys and https: 186 //github.com/wachtlerlab/GJMorph.
187
Results
188
Data Collection
189
Sharp electrodes were inserted into DL-Int-1 neurons in the honeybee brain to record electrophysio-190 logical activity as well as to inject dye for imaging neuron morphology. The success rate of hitting a 191 DL-Int-1 neuron in these experiments was low since honeybee brains were not transparent enough for 192 visually targeted electrode insertion. Furthermore, maintaining the electrode within the neuron long 193 enough to obtain sufficient electrophysiological data was difficult especially for newly emerged adult 194 honeybees, as their brains were soft and infirm. Our data of DL-Int-1 neurons from newly emerged 195 adults were therefore limited to six samples with sufficient data for analysis. For the comparative anal-196 ysis, we chose six forager samples from our database matching the response pattern of the neurons 197 from newly emerged adults.
198
Morphological Adaptations
199
The four subregions of DL-Int-1 morphology -the whole arborization (WA), main branch (MB), 200 dorsal branch (DB) and ventral branch (VB) (see Methods→Reconstruction of morphologies) were 201 compared separately to investigate changes during maturation.
202
Analysis 1: Scalar Morphometrics
203
We first compared the morphologies using whole-cell scalar measures, which detect net overall changes 204 in morphological subregions as they combine data from all dendrites. Table 1 lists the measures that 205 showed significant differences between the morphologies of newly emerged adult and forager DL-Int-1 206 neurons for at least one subregion (see Table S1 , Table S2, Table S3 and Table S4 of Supplementary 207 Data for summary statistics of WA, MB, DB and VB respectively). The MB showed significant 208 increases in extent along the X axis (width, 90.7%) and in dendritic volume summed over all dendrites 209 (total dendritic volume, 77.0%). The DB showed a significant increase in its extent along the X 210 axis (width, 20.5%) and a significant decrease in average partition asymmetry (5.8%, Uylings and 211 van Pelt 2002), which quantifies the imbalance between the two subtrees of a branching point. The 212 WA also showed a significant reduction in average partition asymmetry (5.2%). The VB showed 213 7/31 significant reductions in maximum centrifugal order (51.6%), which is the maximum number of branch 214 points encountered in a path from root to tip, considering all such paths in a morphology, as well as 215 Hausdorff fractal dimension (7.8%, Smith et al. 1996) which is a measure of the complexity of dendritic 216 arborization.
217
Thus, significant differences between the neuron morphology of newly emerged adult and forager 218 DL-Int-1 were found in few morphometric parameters. However, these changes were neither consistent 219 across morphological subregions nor highly significant (p-Values between 1% and 5%), indicating that 220 there were no major changes in gross features or branching patterns of DL-Int-1 during maturation 221 at the level of the whole neuron. Nonetheless, they strongly indicated localized changes in dendritic 222 arborization and hence we investigated the morphologies at finer spatial scales, using concentric 223 spherical shells. A pattern of proximal reduction and distal increase of dendritic density would also arise if there was 235 an overall increase in size between the morphologies of newly emerged adults and foragers. However, 236 an overall size difference is unlikely due to our registration method, which includes scaling to achieve 237 a match of the overall volumes occupied by the morphologies, Nevertheless, to exclude that this 238 finding was due to a residual scaling difference, we repeated the co-registration of the morphologies 239 with artificially scaled-up versions of the newly emerged adult morphologies. We scaled up newly 240 emerged adult morphologies by 10 or 15% before bringing all morphologies to the same frame of 241 reference, i.e., between step one and two of the co-registration procedure (see Methods→Analysis 242 of morphology→Spatial Registration and Analysis). That is, the registration processes started with 243 morphologies of newly emerged adult and foragers that had similar spatial spans (in the case of 10% 244 up-scaling), or with morphologies of newly emerged spanning a larger region of space (in the case of 245 15% up-scaling). For both cases, the maturation related differences in PDL described above remained 246 after registration, in spite of the scaling applied before registration (data not shown). This confirmed 247 that scaling differences did not cause the observed changes in the spatial distributions of dendritic 248 length during maturation, namely, reductions in proximal regions and increases in distal regions. showed increases. Increases were particularly pronounced in the arborization of the DB in the DL, 258 which showed two main regions (yellow arrows in Figure 3b ) where LDL increased during maturation 259 by up to 119% of the average, while decreases were seen in several smaller regions of the DB where 260 LDL decreased by up to 99.2% of the average. In contrast, the VB primarily showed reductions in 261 proximal regions, which were as much as 115% of the average in certain regions, while a few iso-262 lated regions showed increases, with a maximum increase of 74.6% of the average (see Figure S1 of 263 Supplementary data for distributions of normalized change in LDL for WA, DB and VB). showed stronger spontaneous activity and rebound response. by plotting the firing rates during the two response periods against each other (Figure 5c ). In general, 280 higher spontaneous spiking was associated with higher spike rates during inhibition in DL-Int-1 neu-281 rons, but the difference in firing rates between spontaneous activity and inhibitory response was larger 282 in foragers than in newly emerged adults. Quantitatively, Relative Inhibition was 0.42±0.24 in newly 283 emerged adults, but 0.66±0.18 in foragers (mean±std error; p-value: 1.34%, Welch's unequal vari-284 ance t-test). Additionally, least squares regression in Figure 5c indicated that the difference became 285 larger with firing rate level in foragers (slope of 1.42 for foragers vs 1.06 for newly emerged adult), 286 indicating that foragers had stronger inhibition for a given level of spontaneous activity.
287
In addition to changes in activity levels during different periods, comparison of firing rate profiles 288 9/31 during on-phasic response (Figure 5a inset) indicated a change in the timing of the excitation peak. 289 We investigated this by comparing the first spike latency, first Inter-Spike-Interval (ISI), second ISI and 290 third ISI during on-phasic response (Figure 5d ). All four spike timing features showed a systematic 291 reduction during maturation, with an average reduction of 1.76 ms in first spike latency, and 4.01, 292 2.64 and 3.09 ms respectively for the first, second and third ISI values. However, none of the changes 293 were highly significant, with first ISI values showing the lowest p-value of about two percent. Thus, 294 spike timing during on-phasic excitation showed a systematic reduction in forager DL-Int-1 neurons, 295 with neither the first spike latency nor the first three inter-spike-intervals showing large significant 296 changes.
297
Discussion
298
In this study, we have compared morphological and physiological properties of an identified vibration-299 sensitive interneuron, DL-Int-1, between newly emerged adult and forager honeybees. While com-300 parisons of whole cell scalar morphometric measures showed no major differences in broad dendritic 301 higher spiking rates and more active glomeruli.
315
Relevance of observed changes
316
Among scalar measures quantifying dendritic branching and complexity, average partition asymmetry 317 showed a reduction in the DB, while the number of bifurcations did not change significantly. This 318 indicates a redistribution of dendritic branches along with a change in the broad topological structure 319 in the DB. In contrast, for the VB, maximum centrifugal order and Hausdorff dimension reduced 320 significantly without changes in average partition asymmetry. This, together with the large observed 321 changes in dendritic length, surface and volume (Table S4) also is consistent with lower signal attenuation in foragers. These effects could be studied in the 340 future using multi-compartmental neuron simulations, since morphological reconstructions for several 341 newly emerged adult and forager DL-Int-1 neurons are available. However, currently, the lack of 342 experimentally determined membrane conductance parameters poses a major hurdle in performing 343 such simulation studies. The response of DL-Int-1 neurons to vibration stimuli applied to the antennae is the combined effect 358 of its inputs and its own intrinsic electrophysiological properties . In this study, signifi-359 cant increases were seen in spontaneous activity and the strength of inhibition relative to spontaneous 360 activity, as well as in the strength of postinhibitory rebound. These changes are likely due to mat-361 uration of the electrophysiological properties of DL-Int-1 as well as its connected neuronal network. 362 Specifically, the adaptations in the strength of inhibition relative to spontaneous activity could have 363 a stronger dependence on network factors as DL-Int-1 is inhibitory and is believed to be inhibited 364
for further understanding the role of DL-Int-1 in networks that process waggle dance vibration signals 367 in the primary auditory center of the honeybee.
368
Genetically programmed aging or foraging experience?
369
In this study we have quantified morphological and physiological changes in DL-Int-1 as honeybees 370 mature from newly emerged adult bees (1-3 days old) to forager bees (more than 10 days old). There 371 are two major factors that could cause such changes during maturation-genetically programmed 372 aging and foraging experience. Further studies with age-controlled older honeybees with no foraging 373 experience are required to elucidate the effect of these factors on DL-Int-1 maturation.
374
Linking observed changes to behavior 375 After successful foraging, honeybees return to their hive and perform the waggle dance, during which 376 they produce patterns of air vibration pulses. These pulses are detected by follower bees, from which 377 they learn about the location of food sources (Michelsen et al. 1992 Table 1 . Scalar morphometric measures showing significant differences. Summary statistics of five scalar morphometric and topological parameters that show significant differences for at least one morphological subregion. P-values were calculated using Welch's unequal variances t-test and a cutoff of 5% was used. Summary statistics for all nineteen scalar measures and for all four subregions are provided in Table S1 , Table S2 , Table S3 and The distributions were calculated by pooling across morphologies generated using different registration parameters. Solid circles indicate mean value and error bars indicate standard deviations. Stars mark the shells for which two-way ANOVA indicated that maturation had a significant effect on PDL, while registration parameters had no such significant effect and the effects of the two factors were not significantly dependent. These comparisons indicate a redistribution of dendritic length during maturation, with pruning in proximal parts and outgrowth in distal parts of DL-Int-1 morphologies. 
